In ensemble and single-molecule experiments using the yeast proliferating cell nuclear antigen (PCNA, clamp) and replication factor C (RFC, clamp loader), we have examined the assembly of the RFC · PCNA · DNA complex and its progression to holoenzyme upon addition of polymerase δ (polδ). We obtained data that indicate (i) PCNA loading on DNA proceeds through multiple conformational intermediates and is successful after several failed attempts; (ii) RFC does not act catalytically on a primed 45-mer templated fork; (iii) the RFC · PCNA · DNA complex formed in the presence of ATP is derived from at least two kinetically distinguishable species; (iv) these species disassemble through either unloading of RFC · PCNA from DNA or dissociation of PCNA into its component subunits; and (v) in the presence of polδ only one species converts to the RFC · PCNA · DNA · polδ holoenzyme. These findings redefine and deepen our understanding of the clamp-loading process and reveal that it is surprisingly one of trial and error to arrive at a heuristic solution.
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DNA replication | replication factor C | single-molecule FRET D NA replication is carried out by effective coordination of the activities of many proteins at the replication fork. Given the complex nature of DNA synthesis, a structural and functional conservation of the accessory proteins apparently has evolved across diverse organisms (1) (2) (3) . However, eukaryotic DNA replication has diverged and become more complicated than its prokaryotic counterpart due in part to the multisubunit composition of several proteins. In yeast, lagging strand DNA synthesis requires the coordinated actions of polymerase δ (polδ), proliferating cell nuclear antigen (PCNA), and replication factor C (RFC) (4) . Eukaryotic PCNA, a ring-shaped trimer of identical subunits, plays a pivotal role in both DNA replication and repair by tethering the DNA polymerase to significantly enhance the processivity of DNA synthesis (5) (6) (7) (8) (9) (10) . The productive assembly of a polymerase-PCNA complex bound to DNA requires loading of the PCNA clamp by RFC (11) . RFC, an ATP-driven motor, is composed of a large subunit (RFC-A, 95 kDa) and four small subunits (RFC-B-RFC-E, 36-40 kDa) and forms a RFC · PCNA · ATP complex that binds specifically to primed DNA (12) .
The clamp-loading process occurs via multiple steps (13) (14) (15) (16) . X-ray crystallographic and electron microscopic studies of the clamp loader complexed with the clamp revealed that PCNA was either in a closed or slightly open conformation that perhaps represents the structure of an intermediate step in PCNA loading (13, 17) . PCNA, in solution, has a closed conformation and must be opened for loading on DNA and further reclosed to be retained on the DNA possibly through a specific single interface (18) .
The structure of the yeast RFC · PCNA complex (13) provided the coordinates for introducing a fluorescent donor-acceptor pair within the PCNA to probe the FRET efficiencies distance information on the conformation of the PCNA subunit interface (19) . In the presence of ATP, the PCNA ring was opened by RFC; upon addition of DNA, PCNA closed around the DNA through a series of steps involving out-of-plane followed by in-plane closing of the ring. In the presence of ATPγS the RFC · PCNA complex opened the clamp and bound to DNA but ring closure was not completed (19, 20) . Pre-steady-state global analysis of the accompanying ATP hydrolysis showed that the ATPase reaction proceeded through multiple steps within two distinct phases; first, assembly of the RFC · PCNA · DNA complex was coupled to ATP binding and second disassembly was coupled to ATP hydrolysis (21) . Completion of a functioning holoenzyme requires addition of polδ to the RFC · PCNA · DNA complex. RFC and polδ bind the same face of PCNA (22, 23) ; the evidence on the timing of RFC departure or whether it remains as a member of a RFC · PCNA · DNA · polδ complex is variable (24) (25) (26) .
There are a number of fundamental questions that remain unanswered. We turned to a combination of single-molecule and ensemble methods to adequately identify the nature and steps anticipated along the PCNA loading-unloading pathways (27, 28) . Using primarily the FRET signals from a fluorescently labeled forked-DNA and PCNA, we obtained data that indicate (i) PCNA loading on DNA proceeds through a series of conformational intermediates and is successful after multiple failed attempts; (ii) RFC loads PCNA stoichiometrically and does not act catalytically on a primed 45-mer templated fork; (iii) the RFC · PCNA · DNA complex formed in the presence of ATP consists of at least two noninterconverting populations; (iv) the species of the RFC · PCNA · DNA complex disassemble either slowly through disassociation of the PCNA into its component subunits, a process that is independent of RFC and ATP/ATPγS levels, or through a more rapid recycling of intact PCNA; and (v) in the presence of polδ, a population of the RFC · PCNA · DNA complex is converted to the RFC · PCNA · DNA · polδ holoenzyme.
Results
PCNA Complexes with DNA in the Presence of RFC and ATP. A mutant PCNA with all four native cysteines mutated to serines, and lysine 107 and serine 179 changed to cysteine and tryptophan, respectively, was labeled with Cy5-maleimide and purified by size-exclusion chromatography (Fig. 1A) (19) . The labeled mutant PCNA was as active as the wild type in terms of stimulating RFC mediated ATP hydrolysis and its loading onto DNA (Fig. S1) . A forked-DNA substrate was labeled with Cy3 dye that served as the FRET donor (Fig. 1B) (29) (30) (31) . This forked-DNA substrate has a biotin attached at the 5′ end of the primer for surface immobilization onto a quartz microscope slide via a biotin-streptavidin interaction, which along with flap DNA also serves as a physical block to prevent the sliding-off of the loaded PCNA. A truncated form of RFC (Δ 283-RFC-A) was used because earlier experiments indicated that this form of RFC possessed catalytic activities identical to wild-type RFC in vitro and in vivo but lacked the nonspecific DNA binding attributed to the N-terminal region of RFC-A (20) .
The designed forked-DNA substrate was tested for PCNA loading by monitoring the FRET signal between the Cy3 and Cy5 dyes. The loading of Cy5-labeled PCNA (Cy5-PCNA) by RFC in the presence of ATP on the Cy3-labeled forked-DNA showed a distinct FRET signal (Fig. 1C) . Both RFC and ATP are required for the PCNA loading, which is consistent with earlier reports (12, 19, 20) . Labeled PCNA in the presence of RFC without DNA showed no FRET signal upon addition of ATP ruling out mere acceptor fluorescence variation that was caused by environmental changes upon RFC binding. No FRET signal was observed when labeled PCNA in the presence of RFC and ATP was added to the forked-DNA substrate lacking a primer, suggesting that PCNA did not load on the 5′ end of the flap strand, a process found for the PCNA-related checkpoint clamp Red 17∕3∕1 that loaded at the 3′ end and 5′ junctions (32) .
The PCNA · RFC Complex Loading onto DNA Proceeds Through RateLimiting Conformational Changes Without Loss of RFC. In order to study the kinetics of the PCNA loading, we mixed the RFC · PCNA · ATP complex with DNA in a stopped-flow instrument. An extended time course trace showed two distinct phases: a fast phase with a rate constant of 7 AE 1 s −1 and a second phase with a rate constant of 0.26 AE 0.04 s −1 (Fig. S2A) . The two phases were also present when the reaction was carried out with ATPγS instead of ATP. Additionally, the overall amplitude of the signal was similar with ATP and ATPγS (Fig. S2A) . Both ATP and ATPγS promote opening of the PCNA ring in the presence of RFC from 13 to 34 and 27 Å, respectively (19) .
The loading experiment was also performed at varying RFC concentrations (12.5-250 nM) . At all RFC concentrations, we observed the two phases mentioned above with the rates of both the fast and slow phases as well as their relative amplitudes (51 AE 5% and 49 AE 5%) being independent of the RFC concentration ( Fig. 2A and Fig. S2B) . Notably, the overall amplitude of the signal at different concentrations of RFC increased to the level of the DNA concentration and plateaued thereafter; at the breakpoint, the DNA and RFC concentration were equivalent (Fig. 2B) . Therefore, we concluded that the RFC remained bound to the DNA and did not recycle to load the PCNA on DNA. In order to confirm this important observation, we preloaded a twofold excess of Cy3-labeled forked-DNA with unlabeled PCNA in the presence of RFC (RFC · PCNA · DNA in 1∶1∶2 ratio) and mixed this solution with Cy5-PCNA in another syringe. A very small increase in the fluorescence signal (<10% of the observed plateau value) was observed suggesting negligible loading of labeled PCNA on the excess DNA, implying the lack of free RFC (Fig. S2C ). These observations indicate that, for this forked-DNA, RFC did not dissociate upon loading of PCNA on DNA (20, 26) .
There are reports about multiple loadings of PCNA on DNA during nucleotide incorporation (25) , consequently, we wished to confirm the results of stoichiometric PCNA loading by RFC by a nonkinetic method. Using the fluorescence from the Cy3-and Cy5-labeled DNA and PCNA, respectively, we designed a colorimetric assay to assess the stoichiometry of the loaded PCNA. Our results found that the PCNA is loaded on the forked-DNA substrate by RFC in a 1∶1 ratio (Fig. S3) .
We investigated the effect of the PCNA concentration on its loading rate to determine whether the above fast phase corresponds to a bimolecular association by varying the concentration of the RFC · PCNA complex relative to a fixed concentration of DNA (Fig. S2D ). The ratio of PCNA to RFC was adjusted to achieve 95% formation of the PCNA · RFC complex; higher concentrations of RFC were avoided to preclude binding of free RFC to the DNA. Neither the fast nor the slow phase rate constants (7 AE 1 s −1 , 0.28 AE 0.03 s −1 ) or the relative amplitudes (55 AE 1%, 45 AE 1%) for the loading showed any significant change. We conclude that the observed two-phase loading did not represent the bimolecular association of the RFC · PCNA · ATP complex with DNA.
PCNA Subunit Exchange. To study PCNA stability, we constructed a mutant PCNA with a FRET pair across the subunit interface (13) . PCNA subunits are shown in green, red, and blue. Lysine 107 was mutated to cysteine for dye labeling and serine 179 was mutated to tryptophan (K107C and S179W). (B) Schematic representation of the forked-DNA substrate, used in this study, the template had a Cy3 dye at 3′ end and a biotin was attached to 5′ end of the primer. (C) Fluorescence emission spectra obtained by exciting the Cy3-labeled DNA with a 532-nm light source. Cy5-labeled PCNA can be excited through FRET from Cy3 only when the two dyes are in close proximity (< ∼ 10 nm). Cy5 fluorescence intensity peaks at 665 nm. The overall amplitude of the signal (sum of the fast and slow amplitudes) was plotted against the concentration of RFC and showed saturation at a concentration equivalent to the concentration of DNA used in the reaction. The relative amplitudes of the fast and slow phases were 51 AE 5% and 49 AE 5% at different concentrations of RFC. (Fig. 1A) . PCNA was labeled with a 5-[2(acetyl) aminoethyl] aminonaphthalene-1-sulfonate (AEDANS) fluorophore at C107 that does not affect the ATPase activity of RFC (19) . The FRET donor (W179) and acceptor (C107-AEDANS) pair allowed us to follow the PCNA subunit exchange associated with dissociation of the trimer into its subunits. Excitation of PCNA-K107C-AEDANS-S179W at 290-nm wavelength resulted in a fluorescence emission spectrum with two maxima (Fig. S4A) . The specific tryptophan fluorescence (330 nm) of the PCNA-K107C-AEDANS-S179W was quenched by approximately 40% in comparison with the unlabeled protein (PCNA-K107C-S179W); the peak at wavelength 488 nm is produced by FRET between the tryptophan and AEDANS fluorophore.
Kinetics of the PCNA subunit exchange in solution was monitored by mixing the above FRET complex with PCNA lacking the AEDANS-tryptophan pair as trap. The decrease in the AEDANS fluorescence (Fig. S4B ) that occurred upon mixing was well approximated by a single-exponential function to yield a rate constant of 0.0023 s −1 (Table S1 ). The PCNA subunit exchange rate constant was found to be independent of the trap concentration over a 30-fold excess. The PCNA subunit exchange rate constant was measured while complexed to RFC and decreased by a factor of 2 (Table S1 ). The addition of DNA to the mixture containing ATP and RFC did not affect the observed PCNA subunit exchange rate constant (Table S1 ). These findings rule out any active role of RFC in PCNA subunit exchange.
Disassembly of the RFC · PCNA · DNA Complex. In order to study the mechanism for dissociation of PCNA from the assembled complex, the complex of RFC · PCNA · DNA containing Cy3-labeled PCNA and Cy5-labeled DNA was mixed with an excess of unlabeled PCNA in the presence of ATP (Fig. 3A) . The disappearance of the FRET signal showed two distinct exponential decay phases with rate constants of 0.048 AE 0.004 s −1 for the fast phase and 0.005 AE 0.001 s −1 for the slow phase with amplitudes of 33 AE 8% and 67 AE 8%, respectively. The presence of two distinct decay rates suggests either multistep unloading or the presence of at least two populations of the ternary complex. We ruled out multistep unloading as the source of biphasic decay because (i) we did not observe any multistep FRET decrease during the unloading of a stable complex in our single-molecule measurements (described in a later section) and (ii) the disappearance of the FRET signal by PCNA trapping requires labeled PCNA dissociation. Interestingly, for the unloading reaction of the complex formed in the presence of ATPγS, only the slow phase was observed (Fig. S5) . Subsequently, we measured the dependence on ATP concentration for the unloading reaction.
At all concentrations of ATP, we observed the two phases with rate constants of 0.05 AE 0.01 s −1 for the fast phase and 0.005 AE 0.001 s −1 for the slow phase with relative amplitudes of 38 AE 9% and 62 AE 9%, respectively, in satisfactory agreement with the data from Fig. 3A (Fig. S6) . These results suggest ATP independent unloading of PCNA in at least two different conformational states on DNA. Moreover, the coincidence of the slower rate constant for disassembly with that for subunit exchange suggests that the latter process may control dissociation in this population. The difference in the relative amplitudes of the two kinetic phases in the loading and unloading of PCNA, however, should not be interpreted as reflective of their relative concentrations given the absence of representative, defined FRET complexes.
We next established whether RFC dissociated along with PCNA from the RFC · PCNA · DNA complex. To answer this question, we carried out the trapping experiment illustrated in Fig. 3B . In brief, if RFC · PCNA dissociates simultaneously from the DNA and exchanges with Cy5-PCNA, the rate of appearance of the FRET signal in the DNA should be the same as the rate previously observed for the disappearance of the FRET signal in Fig. 3A . A FRET acceptor fluorescence time trace shown in Fig. 3C was essentially the mirror image of Fig. 3A , indicating the presence of two phases with rate constants of 0.05 AE 0.01 s −1 and 0.004 AE 0.001 s −1 and amplitudes of 32 AE 7% and 68 AE 7% that are within error identical to those reported above. Consequently, RFC is released along with PCNA in the dissociation of both populations of the RFC · PCNA · DNA complex.
A similar experiment can be carried out with polδ to ascertain whether one or both populations form a holoenzyme complex. In the presence of polδ, the kinetic FRET trace (Fig. 3D) is monophasic with a rate constant of 0.013 AE 0.003 s −1 and an amplitude of 60.5 AE 0.5% compared to the control experiment in Fig. 3C . We conclude that the displaced population represents the slower unloading species in Fig. 3A (rate constant of 0.005 s −1 , relative amplitude 68 AE 7%) and is not capable of holoenzyme function; the other population characterized by decay rate constant of 0.05 s −1 proceeds to form a holoenzyme complex whose composition is RFC · PCNA · DNA · polδ.
Real-Time Monitoring of RFC Mediated PCNA Loading in the SingleMolecule Level. In order to study the multistep conformational changes of RFC · PCNA complex seen in the ensemble measurement ( Fig. 2A) , we monitored the loading process in a singlemolecule FRET setup. The preformed RFC · Cy5-PCNA · ATP complex was delivered into a sample chamber containing the surface-immobilized forked-Cy3-DNA substrate while continuously recording the FRET signal. The Cy3-label on the forked-DNA was excited with a 532-nm laser and the fluorescence intensities from Cy3 and Cy5 were simultaneously recorded with an electron multiplying CCD camera to obtain continuous FRET efficiency time traces with 35-ms time resolution until most of the Cy3 dye molecules were photobleached. The collected data were analyzed with a hidden Markov model (HMM) to determine the rates Fig. 3B . RFC loads Cy5-labeled PCNA at a rate equal to its off-rate from DNA. (D) A preassembled complex of unlabeled PCNA (100 nM) with RFC (100 nM) and DNA (200 nM) was mixed with Cy5-labeled PCNA (2 μM) in the absence and presence of polδ (100 nM). In the absence of polδ (control) the traces were fitted to a double-exponential equation with a fast rate constant 0.06 AE 0.005 s −1 and a slow rate constant 0.01 AE 0.003 s −1 . In the presence of polδ, the traces were fitted to a single-exponential equation with a rate constant 0.01 AE 0.003 s −1 . The amplitude of the signal with polδ is 60.5 AE 0.5% of that observed for the control.
between the various FRET states. The errors in rate are typically within 20% given the number of single-molecule traces used in the analysis (33) . To determine the number of FRET states in the model, we explored the number of states from three to six and concluded that four is the minimum number of states to describe the system properly. A further increase in the number of states simply added states with zero FRETefficiencies, transitions between which are not observable in a FRET trace. The model used in the final analyses consisted of three nonzero FRET states in series where transitions take place only between adjacent states, which agreed well with our visual inspection of the FRET traces (Fig. 4 A and B) . Due to the limited time resolution of the FRET traces, some FRET traces showed fast transitions that bypass the intermediate step(s) between a beginning and ending state, but there was no evidence of a more complicated kinetic scheme that required more than three nonzero FRET states. Transition to an additional zero FRET state from each of the nonzero FRETstates was allowed to accommodate single-step photobleaching. We did not observe PCNA loading on DNA in the absence of RFC or ATP, which confirmed that PCNA loading on the forked-DNA substrate required both RFC and ATP.
One unexpected observation in the single-molecule loading experiment was the unloading of some PCNA complexes from DNA in a fairly short time (<1 s), whereas some others lasted longer than the acceptor dye photobleaching lifetime (>5 s) (Fig. 4 A and B) . A FRET efficiency histogram of PCNA loading is exhibited in Fig. 4C . We built the lifetime histograms of the loaded final state and fit the histograms with exponential decays to discover two distinct unloading timescales indicating two different loaded states of PCNA (Fig. S7 A and B) . We suggest that the short-lived loaded state represents poorly arranged attempts of loading, whereas the long-lived state represents stably loaded PCNA on the DNA (Fig. 4D) . From the double-exponential fits of the histograms, we found that about 10-15% of the PCNA complex is stably loaded on DNA-i.e., RFC must make eight or nine attempts before it loads PCNA stably on DNA. We analyzed the data in a different way to confirm this result. We fit the histograms with a single-exponential decay corresponding to the shorter lifetime events and obtained the counts for the rest of the events that do not belong to the single-exponential decay curve (threshold ¼ 0.5 event count) and attributed those to longer lifetime events. This alternative analysis also yielded ∼10% of longer lifetime components. Due to the limiting dye photobleaching lifetime and blinking, the unloading timescale of stably loaded PCNA could not be determined from the single-molecule experiments. Three-step binding was also observed when the PCNA loading was performed in the presence of ATPγS instead of ATP with no noticeable difference in the rates. Similar experiments as described above were carried out in the presence of polδ. However, we observed insignificant differences in the rates of the initial three steps of PCNA loading. A kinetic sequence that combines the results of the single-molecule and ensemble studies is presented in Fig. 4D . Discussion PCNA Loading. The single-molecule and ensemble kinetics reveal kinetic signatures for the various RFC · PCNA · DNA species in the PCNA loading process designated in Fig. 4D , although we do not know their molecular identities. Our results from following the time course of the FRET signal during PCNA loading indicated the presence of two distinct phases. The bimolecular association of RFC · PCNA with DNA was not observed in our measurements as the signal did not show a PCNA concentration dependence (Fig. S2D) . The fact that we did not see significant changes in the amplitude or rate constants when we used ATP or ATPγS (Fig. S2A) suggests that ATP hydrolysis is not required for this aspect of clamp loading. However, it is required for clamp closure (19) . Importantly, the biphasic nature of clamp loading was not due to multiple loading of PCNA molecules on the DNA as confirmed by the 1∶1 stoichiometry of PCNA∶DNA ( Fig. 2A and Fig. S3) .
The interpretation that RFC acts stoichiometrically and not catalytically in loading of PCNA is supported by the fact that (i) RFC does not dissociate within the experimental time frame from the PCNA loaded onto the DNA (Fig. 2A) ; (ii) once dissociated from the complex, RFC remains competent for subsequent binding to a new PCNA molecule and loading it onto DNA (Fig. 3) ; and (iii) direct gel analysis of the PCNA · DNA ratio (Fig. S3) . We propose that RFC remains bound to the PCNA upon loading of the clamp and that this ATPase activated RFC · PCNA · DNA Ã complex partitions into two populations in the proportions 1∶2 as revealed by the biphasic nature of PCNA dissociation from the complex. However, there is evidence that in the loading of PCNA onto longer nicked plasmids RFC acts catalytically (34) suggesting that the behavior of RFC is dictated by the available spacing on the DNA substrate.
Further parsing of the clamp-loading process was furnished by our single-molecule data. There are at least three conformational changes of PCNA during the PCNA loading. Inspection of the traces in Fig. 4 A and B as well as the histogram analysis in Fig. 4C reveals the presence of three states in the PCNA loading process that yield a stably loaded state (Fig. 4D ) that occurs only on average after approximately eight or nine attempts from the last intermediate conformation (0.97 s −1 vs. 0.13 s −1 ). This kinetic sequence does not change when ATPγS is substituted for ATP, suggesting that in accord with ensemble kinetics the hydrolysis of ATP is not required to achieve a stable RFC · PCNA · DNA complex. Previous ensemble FRET studies (19) found that the opening of the PCNA in the RFC · PCNA · DNA complex achieved by ATP and ATPγS differed only slightly in the extent to which the distance between the subunit interface was open (34 vs. 27 Å, respectively).
The appearance of these steps revealed the stochastic nature of the clamp-loading process. Simulation of the kinetic sequence in Fig. 4D showed the single-molecule data to be biphasic with the rates and amplitudes within the same order of magnitude as the ensemble kinetics. It has been suggested that the clamp-loading process is completed in multiple stages, but it was not heretofore shown experimentally (19) . Structural and molecular dynamics simulation studies on the clamp-loading process have described the possible conformational changes in the clamp and the clamp loader where PCNA is reported to be opened out-of plane and closed in-plane (35) (36) (37) . Indeed some of the states in Fig. 4D could represent such species.
PCNA Unloading. We found biphasic kinetics for PCNA unloading from DNA when the clamp was loaded in the presence of ATP, whereas only a single phase was observed with ATPγS. The kinetics of unloading were not altered when excess ATP was mixed with a fluorescently silent PCNA trap during the reaction that eliminated the possibility that ATP levels were limiting. Because ATP but not ATPγS led to a completely closed form of PCNA on DNA (19), we anticipated that increased ATP levels through hydrolysis would drive the RFC · PCNA · DNA complex into one state. The RFC · ATP · PCNA · DNA Ã partitions to dissociate from the DNA with rates of 0.048 AE 0.004 s −1 and 0.005 AE 0.001 s −1 , respectively. These two rate constants are in remarkably good agreement with those from an earlier study that found rate constants by surface plasmon resonance of 0.06 s −1 and 0.007 s −1 for the two phases for PCNA dissociation from a primed DNA template in the presence of ATP (20) . Likewise with ATPγS, a single phase and single rate constant of 0.007 s −1 was reported. A key insight into the mode of PCNA unloading is the coincidence between the rate constant for PCNA subunit exchange ( Fig. S4 and Table S1 ) and those for PCNA dissociation for clamp loaded in the presence of ATPγS and the slower phase for ATP. Based on this observation, we conclude that the slow unloading is due to subunit exchange. However, that does not mean the RFC · ATP · PCNA · DNA Ã complexes (Fig. 4D ) attained by RFC in the presence of ATPγS and ATP necessarily have the same configuration as noted above. In fact, this ATPase activated state must consist of at least two populations. In the case of ATP, we propose that ATP hydrolysis by RFC converts one of these populations to a properly loaded RFC · PCNA complex that can generate a functional holoenzyme as discussed below. In the absence of polδ, this population of the two dissociates more rapidly. The other is not converted and is unloaded at a slower rate (∼0.005-0.010 s −1 ) through subunit dissociation as found for ATPγS. Because neither of the two unloading rates depend on ATP concentration, RFC does not appear to catalyze the unloading process (Fig. S6) although the trapping experiments (Fig. 3) revealed that RFC dissociated simultaneously. In addition, the subunit exchange rate was unaffected by the presence of RFC (Table S1 ). The finding that RFC does not require ATP hydrolysis to unload PCNA is also consistent with an earlier report (38) .
In the presence of polδ, the ATPγS assembled RFC · PCNA · DNA complex has been shown to support primer extension although the processivity of the replication was severely limited-tens of nucleotides vs. >5;000 nucleotides incorporated (24, 39) . With ATP, the key issue is which of these two populations supports holoenzyme function. Importantly, whereas the addition of polδ had a negligible effect on the rate constants (0.013 s −1 versus 0.005 s −1 ) or fraction (61% versus 67%) of the population characterized by the slower dissociation rate, its presence suppressed the dissociation of PCNA and RFC from DNA in the population characterized by the faster rate of dissociation (Fig. 3D) . We conclude that the holoenzyme has the composition of RFC · PCNA · DNA · polδ. Given the structure of the RFC · PCNA complex, repositioning of RFC would appear necessary to allow polδ to bind to the same face of the clamp (40) . It remains to be determined whether the processivity of replication is terminated by the loss of RFC or PCNA or polδ or their combination from the holoenzyme complex.
Without actual structures the various states in our revised model for PCNA loading (Fig. S8) should be viewed as merely representative. The major point is that clamp loading, despite evolution, remains largely a heuristic process proceeding through a number of intermediate states. The clamp loader through its binding of ATP and ATPase activity not only facilitates clamp opening and closure but also probably acts to recycle incorrectly loaded clamps. Rather than following a highly confined, highly efficient set of steps, clamp loading is achieved stochastically by multiple steps of trial and error and ultimately successful holoenzyme formation.
Materials and Methods
Proteins. The mutant yeast PCNA (K107C) was expressed and purified from Escherichia coli as described before (19) . Yeast clamp loader constructs for individual RFC subunits were generously provided by Mike O'Donnell (Rockefeller University, New York). RFC-B, C, and D were cloned into a pET11a vector, ΔN 283-RFC-A and RFC-E were cloned into pLANT vector, and the expression and purification were carried out as described earlier (41) . Polymerase delta was generously provided by Satya Prakash (University of Texas).
Labeled DNA Substrate. High-pressure liquid chromatography (HPLC) purified oligonucleotides (5′-CTC GGA CTG CAC GTG CCG CGT GGG CAG CTC GAG CAG GCT GAC CAG-Cy3-3′, 5′-CGT GGT GGT AGG TGA GGG CGG CAC GTG CAG TCC GAG-3′, and 5′-/5′ Biotin-CTG GTC AGC CTG CTC-3′) were purchased from Integrated DNA Technologies. To make the forked-DNA substrate, equimolar amounts of the above primers were mixed and heated at 92°C for 2 min and gradually cooled down to room temperature for annealing.
Labeling of Mutant PCNA. The mutant yeast PCNA (K107C) was labeled with Cy5 and checked for activity as described before (19) . Detailed procedure is given in SI Materials and Methods.
Steady-State and Stopped-Flow Measurements. Steady-state fluorescence spectroscopy was measured on a Jobin Yvon FluoroMax-4 fluorimeter and stopped-flow studies were performed on a Kintek stopped-flow machine equipped with a fluorescence detector. Conditions for each experiment are detailed in the figure captions and detailed procedures are available in SI Materials and Methods.
Real-Time Single-Molecule Fluorescence Measurements. We used PEG-coated quartz microscope slides to monitor fluorescence signals from single Cy3 and Cy5 fluorophores. Cy3-attached forked-DNA substrate was immobilized on a quartz slide through biotin-streptavidin interaction. The RFC · PCNA complex in the presence of ATP or ATPγS was delivered into the channel containing the DNA substrate. Cy3-labeled forked-DNA substrate was excited with a 532-nm laser and fluorescence intensities from Cy3 and Cy5 were recorded simultaneously. FRET time traces were analyzed with an HMM using a home-built HMM optimization code (SI Materials and Methods).
